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Cell cycle analysis was used to study the effect of 4,5',8-
trimethylpsoralen (TMP) and long-wave ultraviole t light 
(UV-A) on cultured mammalian cells. DNA distribution 
patterns were m easured for murine melanoma cells (a 
cloned line of Cloudman S91) and a strain of diploid 
human skin fibroblas ts (CRL 1295) u sing both a micro-
fluorimetry procedure and flow cytometry. The un-
t reated cells and those receiving TMP alone and UV-A 
alone had identical DNA content as a ssessed at several 
posttreatment intervals (0-72 hr). The majority of ce lls 
in control groups contained a G I DNA content, whereas 
exposure to TMP (2 x 10-7 M) plus UV-A (1 Joule /cm2) 
l ed to the accumulation of ce lls in the G2 phase. These 
observations were similar for each cell type and both 
analytical techniques were in excellent agreement. The 
finding that psoralen plus UV-A induces a phase-specific 
G 2 blockade in cultured cells has important implica tions 
for under s tanding the mechanisms which account for 
e nhanced pigmentation and suppression of cellular pro-
liferation following exposure to these agents in vivo. 
In the presence of long-wave ultraviolet ligh t (UV-A) many 
psoralen (furocoumarin) derivatives enha nce cutaneous pig-
m entation [1-3], inhibit DNA synthesis [4- 7], and suppress 
cellular proliferation [8,9]. These compounds bind covalently to 
pyrimidine moieties on one or bot h strands of DN A, producing 
mono- and bifunctional psoralen-DNA photoadducts [4,10]. 
The effects of psoralen and UV -A exposure in vivo [7, 11,12] 
a nd in vitro, using viral [13], prokaryotic [14-16] and eukaryotic 
systems [6,8,17,18] have been attributed largely to the degree 
of bifunctional photoadduct formation which occurs as inter-
strand DNA cross-links [13,19]. Psoralen phototoxicity, how-
ever, embraces a wider range of biologic phenomena including 
mutagenicity [15,16,18], t he induction of chromosomal aberra-
tions [20-22], mitochondrial alterations [23] and disruption of 
t he plasma membrane in cultw-ed cells [24]. The mechanism 
by which the psoralens influence pigmentation remains un-
known but we have previously observed increased tyrosinase 
activity in mur ine melanoma cells which correlated with the 
availabili ty of cell surface melanotropin receptors in the G2 
p hase of the cell cycle [25,26]. Yet another impor tant biologic 
action of psoralen and light, suggested by these studies, was the 
block of treated cells in G2 . 
M ore recently, we described alterations in cell cycle kinetics 
by measuring the DNA content of cells in a cultured murine 
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mela noma cell line and a normal strain of human skin fibro-
blasts [27]. In the present report a phase-specific G2 arrest is 
documented in both cell types after exposure to 4,5',8-trime-
thylpsoralen (TMP) and UV-A. A standard rnicrofluorimetry 
technique [28] and newer computer -assisted flow cytometry 
methodology [29] were employed for this investigation. 
MATERIALS AND MET HODS 
Dulbecco's modified eagles medium (D M E M), trypsin (.05%)-EDTA 
(.02%) a nd J oklik's minimum essential medium were purchased from 
Grand Island B iological Company. Ham's F-10 medium, EDTA (.02%) 
a nd horse serum were obtained from M icrobiological Associates. Mul-
t iweLl plastic cult ure plates were purchased from Limbro Scien tific. 
Petri dishes a nd plastic t issue cul ture dishes were purchased from 
Corning Glass Works. 4,5'8-trimethylpsoralen (m.w. 228.24) , purchased 
from Aldrich Chemical Company, was twice recrystallized by adding 
an excess of water to a saturated solu tion of psoralen-methanol. 
Cell Culture 
A subclone of Cloudma n mUl"ine mela noma cells, S91, obtained from 
t he American Type Cult w'e Collection (ATCC), Rockville, Mru'yland, 
was cult ivated in 15 ml of H a m's F -10 medium supplemen ted with 15% 
horse serum, 2.5% fetal calf serum and gentarnycin (50jLg/ m1 ). Mela-
noma cells were ma intained in 150 cm2 plastic t issue cul ture flasks with 
medium replacement every 3-4 days an d subcult ured weekly using .02% 
EDTA. 
A stra in of normal huma n fib ro blasts derived from t he skin of a 21-
yr-old fema le, CRL 1295, was also obtained from t he AT CC. T hese 
cells were received at a n approximate population doubling level (PDL) 
of 33. Prior to the stru·t of these experiments, t he labellin g index for 
t his strain as determined with "H -T dr, was 92%; the final PDL at 
sensescence was 104. T he fibroblasts were cult ivated as previously 
described (9) in 40 1111 of DMEM (an tibiotic-free) supplemen ted with 
10% feta l calf serum, ma intained in 75 cm' plastic tissue cult ure flasks 
a~d subcultured weekly using trypsin-EDT A solu tion. M edium was not 
cha nged between subcult ivations . 
All cell cult ivation was carried out at 37°C in a hum idified atmos-
phere with 5% CO2:95% air. 
Twen ty-four hours prior to t reatmen t, cells were subcultivated and 
seeded into plastic culture vessels. The medium was then changed and 
cells received eit her no treatment (ethanol .002% in com plete medium) ; 
UV-A alone using a total dose of 0.24 joules (J) / cm2; trimethylpsoralen 
(TM P) at a concentration of 2 x 10- 7 M (added to complete medium in 
which the cells were growing); or T MP (2 x 10- 7 M) for 30 min followed 
by UV-A irradiation (0.24 J /cm2 ). T hese parameters of exposure were 
sublethal for mammalian cells in a n earlier study [9]. Cult ures were 
protected from ligh t at this point until fixation. T he cells were incubated 
for in tervals ranging from 0 to 72 hr, rinsed with serum-free medium 
a nd fixed for microfluorimetry or flow cytometry. 
Reprin t requests to: Steven R. Cohen, M.D., Department of Der-
matology, Yale University School of Medicine, PO Box 3333, New 
Haven, Connecticut 06510. 
Abbreviations: 
DMEM: D ulbecco' modified Eagles medium 
8-MOP: 8-methoxypsora len 
MSH: mela notr opin 
PDL: population doubling level 
TMP: 4,5',8-trimethy lpsoraJen 
UV-A: long-wave ul traviolet ligh t 
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UV-A Irradiation 
A Spectronics model XX-15, housing two 45.7 cm long-wave ul tra-
violet lamps was placed 30.5 em above the plane of cellular material to 
be irradiated. The incident light emitted was predominantly 366 nm; 
the intensity was 780 uw/cm2 as measured in air, 7.6 cm above the 
irradiance surface, using a Blak-ray ultraviolet meter , model J -221 
(Ultraviolet Products, Inc) . The incident energy which we measure and 
report in air is reduced by 48-55% as a result of light absorption and 
scatter while passing through plastic culture vessel and complete me-
dium in which the cells are growing. 
M icrofluorimetry 
For these experiments cells were grown in multiwell culture plates, 
each well containing a sterile glass coverslip (pretreated for tissue 
cul ture). The cells growing on replicate coverslips were treated with 
light, TMP, TMP-UV-A or left untreated. After various periods of 
incubation, the coverslips were rinsed in serum-free medium and ftxed 
in Carnoy:s ftxative. The ftxed cells attached to cover slips were then 
stained by a modifted Feulgen procedure [28). Cytoplasmic hydrolysis 
was accomplished by treatment with 1 N HCI for 5 min at 60°C. 
Samples were then dehydrated, treated with xylene and mounted for 
microscopy with a DIN 58 884 (Leitz) low background immersion oil. 
The DNA content per cell was measured using a Leitz MPV 2 micro-
fluorimeter, equipped with a 200 W Xenon burner and a 'Ploempak 2.2' 
vertical illuminator with BG36 + KP560 + K530 exciting ftlters, TK 
580 dichroic beam-splitting mirror and K580 suppression filter. For 
calibration, 200 readings were made on nuclei of Feulgen-stained mouse 
diploid splenic lymphocytes, prepared fresh ly according to methods 
described previously [25). 
Flow Cytometry 
Cells were subcultivated from parent flasks into 100-mm tissue 
culture dishes, incubated overnight and the medium was changed prior 
to exposing the cultures to treatment and post treatment conditions 
outlined above. Melanoma cells were detached with .01% EDTA in 
JolUik's MEM solution; fibrob lasts were detached with trypsin-EDTA 
solution. The cells were washed once with physiological saline solu t ion, 
fixed in 25% ethanol-15 mM MgCIz and treated for 1 hr at 37°C with 0.1 
mg/ ml ribonuclease. The cells were stained for 15 min with propidium 
iodide (.05 mg/ ml), a DNA dye, and DNA histograms were generated 
by ana lyzing 105_lOB cells in a flow cytometer. This process involves 
the passage of stained DNA through an intense beam of laser light 
which operates at 2 w to generate an excitation beam at 514 nm. The 
flu orescent light pulse which is proportional to the DNA content, is 
detected photoelectrically and processed to yield a value proportional 
to the total fluorescence intensity. This value is stored in the memory 
of a mul tichannel pulse-height analyzer, which accumulates the fluo-
rescence distribution histogram of the population. The histograms are 
analyzed by a CDC 6600 computer [29). 
RESULTS 
It was evident in all of our studies that cellular growth and 
DN A histograms Were virtually identical for untreated cells and 
those receiving UV-A alone (1 J /cm2 ) and TMP alone (2 x 10- 7 
M) under the conditions we tested. Therefore, in most instances 
we describe only control and TMP-UV -A treated cells. 
The analysis of relative DNA content for untreated mela-
noma cells using microfluorimetry showed minor vru:iations in 
each of the frequency histograms generated during the time 
course of the study (Fig 1). The larger peak represents cells in 
the G 1 phase of the cell cycle (DNA content prior to DNA 
replication) ; a smaller, less discrete peak represents cells in G2 
(with twice the DNA content following DNA replication) or M 
(mitosis); and, cells in S phase (during DNA replication) are 
distributed intermediately. For ' these studies, most of the mi-
totic cells are elimillated by washing cell monolayers prior to 
trypsinization . At the time of treatment, cells exposed to TMP-
UV-A displayed a DNA histogram similar to the untrea ted 
cells. By day 1, however, considerable numbers of treated cells 
were observed with a doubling of the relative DNA content. 
This trend was more fully expressed after 2 days, indicating 
that treated cells were arrested in late S or the G2 phase of the 
cell cycle. The pattern shifted again on day 3 as the DNA 
histogram showed a large proportion of the treated cells return-
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FIG 1. Cytofluorimetry of melanoma cells. Fluorescence intensities 
of Feulgen-stained cells were determined by microfluorimetry as de-
scribed in Methods. The number of nuclei (expressed as a percentage 
of total cell population) with a given relative DNA content per cell is 
shown for untreated cells (open histograms) and 4,5',8- trimethylpsor-
alen UV-A treated cells (line symboll). The experiment was performed 
twice, with similar results each time. 
In the microfluorimetry experiments using normal human 
skin fibroblasts the DNA distribution patterns following pho-
tochemical treatment paralleled the changes observed with 
melanoma cells (Fig 2) . Of interest was the appearance of many 
cells with a h eteroploid DNA content following TMP-UV-A 
exposure. 
When th e DNA histograms of melanoma cells were deter-
mined using flow cytometry, approximately 15% of the un-
treated cells had a G2 DNA content which remained constant 
during each observation period (Fig 3). The fraction of treated 
cells in G2 was also 15% immediately following TMP-UV-A 
exposure, whereas by day 1 almost 70% of the treated cells were 
found in that position. On day 2, 54% of the treated cells 
remained in the G2 position while many cells returned to a G 1 
DNA content. Using flow cytometry, the DNA distribution 
patterns of control and treated human fibroblasts were indistin-
guishable from the patterns illustrated for untreated and 
treated melanoma cells. 
DISCUSSION 
By measuring the DNA content of individual cells in cultw'e, 
we have demonstrated that exposure to 4,5',8-trimethylpspralen 
(TMP) in combination with UV -A irradiation arrests cycling 
cells in the G2 phase of the cell cycle. The results obtained with 
a micro fluorimetry technique and flow cytometry were in ex-
cellent agreement. Similar findings using a murine melanoma 
cell line and a strain of diploid cutaneous fibroblasts indicate 
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RELATIVE DNA CONTENT PER CELL 
FIG 2. Cytofluorimetry of fibroblast cells. Conditions were the same as described in Fig. 1. 
that cell cycle-specific interference by TMP-UV-A is likely to 
occur among other types of actively cycling cells. 
These data support earlier studies suggesting altered cell 
cycle kinetics after psoralen plus UV-A exposure [6,8,9). Ben-
Hur and Elkind [6] evaluated the effects of TMP-UV-A upon 
the survival of a Chinese hamster cell line after synchronization 
with hydroxyurea. The fraction of surviving cells (i.e., the 
proportion able to form colonies) after photoinjury was reduced 
in all phases of cell cycle relative to the survival of control cells. 
There were significant fluctuations in survival as a function of 
cell cycle phase at the time oftreatment; the highest fraction of 
survivors occurred when treatment was delivered during the 
latter part of S phase. More recently, PoW and Christophers 
[8] studied the growth responses of cultured guinea pig fibro-
blasts to another photoactive psoralen, 8-methoxypsoralen (8-
MOP). They found that cell proliferation was inhibited to a 
lesser degree if the cultures were exposed to 8-MOP-UV-A 
during log phase growth; by comparison, cultures treated during 
stationary phase (G I ) showed more pronounced inhibit ion of 
growth. Both of these studies [6,8] indicate that t he extent of 
psoralen toxicity in vitro is dependent upon the phase-distri-
bution of cycling cells. In this regard, we have previously 
described a 24-36 hr period of normal proliferative activity after 
log phase cultures were exposed to TMP-UV-A(9) . This delay 
in growth suppression may result from limited division potential 
for many cycling cells which are in late S or G2 phase at the 
time of exposure. Thus, psoralen-DNA photoadducts might not 
interfere with cell division until DNA replication is subse-
quently requiTed. 
Combined psoralen and UV-A effects upon cellular prolifer-
ation correlate with the inhibition of DNA synthesis in a wide 
range of experimental biological systems [4-7]. The sequence 
of molecular events which underlies this phenomenon h as been 
partially characterized. In the absence of light it appears that 
m ost psoralen derivatives intercalate reversibly at specific DNA 
sites [30). With long-wave ultraviolet irradiation, covalently 
bound, psoralen-DNA monoadducts are formed; these monoad-
ducts occur as C,,-cycloaddiction products with pyrimidine 
bases of DNA [4,10). It is the additional tendency to form 
bifunctional, psoralen-DNA cross-links which predominantly 
accounts for toxic effects upon cellular proliferation [17,19). 
The observation that TMP-UV-A exposure has a cell cycle-
specific effect provides a new element towards understanding 
the basic mechanism(s) of psoralen phototoxicity. Blockade of 
cycling cells in late S or G2 phase reflects a logical extension of 
molecular events wherein psoralen-DNA cross-links permit 
some 'degree of semiconservative DNA synthesis while interfer-
ing completely with the replicative process. 
While psoralen and light have been known to enhance cuta-
neous pigmentation since antiquity [31], the role of cell cycle 
blockade in this process is somewhat less obvious. Recent work 
in our laboratories using Cloudman melanoma cells shows that 
(a) TMP-UV-A exposure enhances the enzymic machinery of 
pigment production [26]; (b) this enzyme activity is under the 
influence of the hormone melanotropin (MSH); and, (c) cell 
surface receptors for MSH are available only in the G2 phase of 
the cell cycle [25). Therefore, in view of the present study it 
seems likely that psoralen-induced G2 blockade of melanoma 
cells affects melanogenesis by prolonging the availability of 
MSH receptors which in turn heightens the response to MSH 
exposure. 
Flow cytometry techniques have been used to investigate 
cell cycle kinetics in normal and diseased human epidermis [32-
34]. Bauer et al [35] measured the percentage of epidermal cells 
in different phases of th e cell cycle under a variety of conditions 
in vivo. Of particular relevance to our observations was the 
DNA distribution in psoriatic skin during 8-MOP-UV-A ther-
apy which showed a marked increase in the percentage of cells 
in G2 for every patient studied . These data are similar to our 
findings in vitro and indicate that a phase-specific arrest by 
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FIC 3. Flow cytometry of melanoma celJs. The figure shows the cell 
cycle phase distributions, obtained from DNA histograms which were 
analyzed using a curve-fitting equation [29]. 
psoralen and light exposure is likely to affect all types of cycling 
cells. The clinical impact of this treatment on endothelial and 
blood cells remains to be determined. 
. We have shown that TMP-UV-A treatment induces a Gz 
phase blockade in actively cycling murine melanoma cells and 
a strain of diploid human fibroblasts. Flow cytometry, as em-
ployed in these studies, provides a rapid and accurate method 
to assess cell cycle-related events. 
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